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Evidence for Radionuclide Transport and Mobilization in a Shallow, Sandy 
Aquifer 

Nancy A. W h y ,  Jeffrey S. Gaffmy,. K W  A. Orlsndlnl, and Mary M Cunnlngham 
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Evrdence is reported for the movement of plutonium, 
americium, thor~um, and radlum m a shallow, sandy 
aqufer after the forced m m o n  of colloidal and macro- 
molecular natural organic materiale (humic and fulwc 
acids) Ultrafiltrataon was used to sue-fractionate the 
materials smaller than 045 Fm m the m j a o n  water 
Charactemtion of these orgmc mate& showed the 
most mobile to be primarily fulvlc acids wth a high 
carboxylate content. FallouMer~ved plutolllum and am- 
enaum m the h j d  materiale were transported m the 
aqufer wth the smaller organic fract~ons. Amencium 
was shown to move from the less mob& colloidal materials 
to the d e r  more mobile fulvlcs d m g  transport 
Thonum, uran~um, and radlum levels all mcreased upon 
hje&on of the organica mto the aqwfer, demonstrating 
the abhty of low molecular we&& h@ carboxylrc content 
fulvic aads to Wive and mobdm donuchde9 from 
the aqwfer’s mmeral matr~cea “hIS effect also mcreased 
wrth decreasmg flow rate m the aqufer The mplrcations 
of these observabons for the mteraaons of low-level 
radloaave waste wrth natural orgmca are discussed 

Introducbon 

It has become mcreasmgly apparent that natural humic 
and fulwc acids present m groundwaters can act as strong 
complexing agents for metale and radionuchdes (1-6) 
These natural orgaruc species range from macromolecular 
to colloidal m s m  and, therefore, are able to move mth 
the groundwater, carrymg wththem the complexed metals 
(7-9) Most groundwater models of radonuchde adsorp- 
taon and transport only mclude ample complexmg agents 
and the mmeral matnx when attemptmg to predict the 
movement of actmides The recogmtion that colloidal 
m a t e d  and macromolecular species smaller than 0 45 
pm can act as mobde compleung agents and absorptive 
parhcles has led to the proposal of a three-phase model 
for radlonuchde transport (10-12) Humic and fulwc acids 
compose an mportant fraction of the active organic 
complexmg agents m most groundwater systems (1-12) 

Evldence suggests that carboxylate functional groups 
are the most active complexmg sites for metal bmdmg by 
hurmc and fulwc acids Thee same carboxylate funhonal 
groups qve the macromolecular matermls then aqueous 
solubhty Indeed, the abhty of humic and fulvlc acids 
to promote mmeral dmolution IS slrmlar to that observed 
for the simpler orgamc carboxyhc acids (23-26) Humic 
m a t e d  that are hgh m carboxylate content, therefore, 
may also mobdm radionuchdes whlch are trapped m the 
subsurface mmeral matrices 

Plutonium and americium have been reported to be 
transported over apprecmble distances (>3 km) in a 
semumd aqufer in volcamc tuff (1 7), presumably because 
of mmplexabon by macromolecular or colloidal material 

* Author to whom correapondenca ahodd be addreseed 
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In thls work, we have exammed the potential for actinide 
transport during forced injection of natural organic 
material into a shallow, sandy aquifer Ultrafiltration 
techniques were used to characterize the colloidal and 
macromolecular materials m the mjection water and the 
baseline aqmfer waters with regard to their humic and 
fulwc acids, inorganic composition, and radionuclide 
content Radionuchdes determined mcluded the fallout- 
derived plutonium and americiiim and the naturally- 
occurrmg uranium, thorium, and radium 

Data presented here demonstrate that plutonium and 
amencium, associated wlth small molecular welght orgaruc 
materials in surface waters, wll migrate in the subsurface 
enwronment, conslstent w t h  prevlous observations (1 7) 
In addition, naturally-occurrmg uranium, thorium, and 
radium appear to be dlssolved by these organics from the 
sandy substrates in the aquifer and are also mobilized 
The implications of these results with regard to low-level 
waste storage and conhnment are discussed 

Experimental Section 
Background A two-well injection experiment was 

performed in the summer of 1990 man unconfined, sandy 
aquifer in a coastal p h n  located m the Baruch Forest 
Science Institute, near Georgetown, SC The site and the 
expenment have been descnbed m d e t d  elsewhere (28- 
21) Briefly, surface water w t h  a hgh dlssolved organic 
carbon (DOC) content (>60 ppm DOC) was obtcuned from 
a nearby wetlands area and transferred to an enclosed 
Viton-lmed holding pond near the injection site After 
particulate matter (>O 45 Hm) was removed, thm organic- 
rich water was injected into the unconfined sandy aquifer 
and wthdrawn from a second well 5 m away A forced 
gradient was establwhed prior to injection by recirculatmg 
water from the withdrawal well to the injection well at a 
flow rate of 3 7 L/min During DOC injection, water from 
the mthdrawal well was discarded downgradient from the 
injection well For the purpose of this study, samples were 
obtamed for the determmation of radionuchdes after uutial 
breakthrough of the DOC at a sampling well located 1 5 
m d o d i e l d  from the mjection well Three samphg ports 
were located at depths of 1 2 , 1 8 ,  and 2 7 m below the 
surface and designated as Al,  A2, and A3, respectively 

The aquifer itself is about 3 m thick and IS bounded at 
this depth by an imperwous clay layer It e h b i t s  three 
distinct horlzons wthin the study site Below the un- 
saturated soil is a 1-m layer of fme brown sand (Al), below 
this was a region of fine gray sand (A2), and finally a layer 
of coameF brownish sand (A3) The sampling depths used 
in ttus study corresponded approxlmately to the midpoints 
of each layer Each of the three zones exhibited different 
flow ratesunder the forced gradent These were estimated 
at 477, 178, and 636 cm3/rmn for Al, A2, and A3, 
respectively (18) The redox potential of the goundwaterS 
prior to injection was 142 mV (relative to the standard 
hydrogen electrode) Dissolved oxygen was <O 1 mg/L 
(18) 
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1 Sample Filtration. Background samples were ob- 
mned from the aqufer and bjec3xon water prior to the 
hJ&m expement. Subsurface aamples were also 
&tamed at three deptha (1 2,18, and 2 7 m) mmediately 
efter the mtlal breakthrough of the orgamcs m each of 
&e three layers, aa mdicated by a sudden rise in dissolved 

f O q ~ c  carbon content After the samples were prefiltered 
mtlz 0 &pm membrane filters, hollow fiber ultrafiltration 

'was performed usmg Armcon filter cartridges of 0 1 pm 
) a d  100 OOO, 30 OOO, 10 O00, and 3OOO molecular weight 
(MW) pore was The small fiactaon was then filtered 
wth a 500 MW flat-dmk membrane filter (Spectrum 
Medical Industnes) m a vortex mmng stvred cell (Armcon 
Model 402) 

Hurmc and fulvic acid contents m the sue-fractionated 
samples were determmed by adjustmg the pH of the 
aamples to 2 5 and fdtemg the precipitated hurmc acids 
Gravlmetnc analysle was used to detenmne the relative 
contnbutiona of the humic and fulvlc acids and the 
amounts of orgmc (volatde) and morganic (nonvolatde) 
matenale present 

Analytical Methods. Sample preparahon procedures 
for radionuchde analyss have been reported elsewhere 
(22,23) Low-background a countmg was performed to 
determme W W, 228Ra, Wta, %'Am, and =-u 
usmg a mulhchannel pulse heqht analyzer (Ortec Model 
918A) coupled to a numcomputer (IBM PC, The surface 
bamer detectom (Paul Downey and Co , Model No P450- 
21-1OOB) used for a measurements have a resolutaon of 
<21 keV RecordedbackgroundswereO 2count41000mm 
The system confiiabon ytelda an efficiency of 34 % for 
measurements of a particles bulb are reported in m a -  
Bequerels (mBq) 

Concentrahons of trace metals were determuned by 

menta SA Model JY 86, mth an HF-compatible torch) 
Orgmc carbon contenta were measured usmg a DOC 
analyzer (Sybron photochem organic carbon analyzer, 
Model E3500) and are reported as ppm DOC Humic 
m a t e d  were c h a r a c t e d  by pyrolys~~ gas chroma- 
tography (S~zuGC-M~-amthaPYR-2Apyrolyzer 
attachment) andFounertntnsformlnfrared spectroscopy 
(Mattaon Polans wth a cooled Hg/Cd/Te detector) 
Infrared measurements obtaured on dr~ed samples by 
Mfuee reflmce (Spectra Tech DRIFT accessory) 
techmqumarerejmrtedmKubelka-Munkunib Infrared 
absorphon measurementa were ale0 obtamed dlrectly on 
aqueoua samph by u8mg Cyltmtrical internal r e f l e c e  
(SpectraTechCIRCLEaccegeory) Detailedexpenmental 
procedures appear elsewhere (24,25) 

mductdy OOupled plaema (ICP) S ~ ~ C ~ ~ ~ S C O P Y  (Instru- 

Results and Durcrursron 

Background Sample Characterization. Samples of 
groundwater w m  obtamed from each subsurface layer 
before the m-on of orgmcs and analyzed for trace 
metals and ra&onuclidea These results are shown m 
Table I All background groundwaters contamed a low 
concentrat~on (apprournatelyo SppmMH=) ofverysmall 
organ~cs, most lltely fulvlc aads (8) Fdtratton aaalysie 
of them subsurfnce orgma, determuned that all had MW 
l a  than 300 mth 40% (02 ppm) lese than Mx) 
Subsurface d obtamed from core eampleg near the 
mpctaon well were similarly maJwed for metals and 
ra&onuchdes. The resulta are w e n  m Table II. The 

Table I 
Carbon, Radionuclides, m d  Trace Metals in Injection 
Water (I) and Subsurface Water at Depths of 13 (~l), 1 8 
(A2). and 2 7 m (A3) be€ure Injection 

Total Concentrations o f  Dissolved Organic 

I A1 A2 A3 

PH 6 8  6 9  6 7  7 1  
DOC, ppm 58 0 0 4 5  0 5 5  050 

plutonium-$39, mBq/L 0 137 0 0 0 0  0 0  
amencium-241, mBq/L 0 058 0 0 0 0  0 0  
thonum-232,mBq/L 077 0 1 3  0 4 0  0 52 
urmum-238,mBq/L 143 0140 0341 0262 
radium-226, mBq/L 035  104  167 (3 36 
radium-228, mBp/L 013  222 2 2 0  2 24 
calcium, ppm 192 155 226 25 7 
megnwum, ppm 1 4  0 7  1 0  1 1  
strontium, ppb 60 69 93 111 
alurmnum, ppb 55 13 41 < 10 
mn, ppm 0 7  5 6  5 1  1 4  
shea, ppm 2 1  5 0  4 5  4 6  

Table I1 Radionuclide and Metal Compositions of 
Subsurface Sands at Depths of  IS (Al). 1 8 (AZ), and Z 7 m 
(A3) 

A1 A2 A3 

thomum-232, mBq/g 2 52 6 62 141  
ura~uum-238, mBq/g 100  2 89 0 81 
radium-226, mBq/g 204  5 59 131  
daum, ppm 95 7 235 9 70 6 
magnesium, ppm 855 250 1 39 3 
strontwm, ppm 2 22 6 45 1 79 
alummum, ppm 2344 7412 965 
iron, ppm 3425 2668 3887 
t~tan~um, ppm 195 4 195 9 643  
manganese, ppm 7 5  14 2 11 2 

Table I11 
Radsonuchde Size Distmbutiona in Injection Water. 

Dissolved Organic Carbon, Trace Metal, and 

fraction 

Doc 
plutonium 239 
americium-241 
thorium-232 
~rmlum-238 
radium-226 
CalClum 
magnesium 
strontium 
aluminum 
uon 
shea 

1 2 3 4 

1 
42 
44 
28 
39 
0 
9 
6 
0 

25 
22 
2 

13 
0 
0 
6 
8 
0 
0 
0 
0 

11 
16 
0 

52 
53 
50 
60 
45 
25 
30 
24 
33 
54 
58 

2 

34 
5 
6 
6 
8 

75 
61 
70 
67 
10 
4 

96 

0 Sue fractions are (1) 0 1-100 OOO, (2) 100 000-30 OOO, (3) 30 000- 
3000, and (4) <3000 lnolecular weight Expressed as percent of total 
concentration 

major components of all three sand samples were sdica, 
alummum, and iron Concentrations of silica, the bulk 
constituent, are not shown in Table I1 

Table I also gives the total concentrations of trace metals 
and radionuclides for injection water after filtration mth 
a 0 1-pm cartridge filter Table 111 shows the molecular 
8128 distribution of each species rn the injection water, 
expressed as percent of the total concentrat.,m Most of 
the organics m ths  surface water had MW values less 
than 100 OOO mth 86% less than 30 OOO These smaller 
fractions are also the most active, bmddmdg 76 % of all species 
measured A portion of the radionuchde (38%), along 
mth some alummum and lron (23%) also appear KJ the 
larger size fraction (>lo0 OOO MW), althoughhttleorgamc 
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Table IV. Cbrmterhtioa of Organic M.tertlr in 
Mobile 81- Ruttiom of Inkction Water and Sukarface 
Watam 8t Dopthr of I t  (Al) md 1.8 m (A2) aher hjectiona 

@on breatahrough 

2 3 4  A1 A2 

X hurmc au& 1 9 2 2  a 3 
Sb fulnc au& 81 0 s  98 96 97 
carboxyhte~~nbmt(m#lunr/g) 14 ’  6 5 11 10 
X b0undcarboxyIat.a 71 66 60 63 67 
Xfreecarboxylate 2 9 4 4 6 0  37 33 
X volatllea 

hurmc fractm 88 78 72 75 83 
fulvlc fractaoll 59 71 73 75 80 

a Slzefracbollllpre (2) 100 OOO-30 OOO, (3) 30 OOO-10 OOO, (4) 10 oo(t 
1OOO molecular weight. 

i 

i 

H s  

I I I I 

5 10 15 20 25 30 35 

matedwaspresent. Thfractzonwasthereforeprvnardy 
composed of larger morgmc colloidal matenals 

Organic Characterization. The results of grametric 
analyses (Table N) show that the organic matenals 
laolated from the m-on water were 8148% fulvlc acids 
(I e ,  soluble at all pH values) which are composed of 29- 
41 % nonvolatile components 

Pyrolys~~ gas chromatography (GC) was used to deter- 
m e  the dlstribuhon of organic functional groups among 
the em fractions A typical pyrogram is shown m F w e  
1 U&e other surface waters studied by thus technique 
(a), all size fractions below 100 OOO MW resulted m the 
same slgnature pattern, mdcatmg that all the organics 
had the same functional group dlstnbutions regardless of 
molecular SUB The organ~ca are therefore expected to 
edubit slrmlar chmcal propertm throughout the size 
ranges In general, the pyrogram IS ale0 much lesa complex 
than those reported earher (!&I), euggestmg that these 
natural orgmcs poaaess more regular and smpler struc- 
tures than other surface waters studied by thus method 
The maJor elgnature compounds present in the pyrogram 
are phenol and cresols (mdcatmg a hgmn-type backbone 
structure), benzene, toluene, and acetic acid (mdcating 
a relahvely large percentage of both aromatic and ahphatic 
carboxylates) The aenaihvlty of this t e h q u e  IS poor, 
however, for the qmti tahve determation of dphatic 
carboxylate becausesubstantddecarboxylation can occur 
durmg pyrolysls The lack of complexlty m the pyrogram 

4000 3500 3000 2500 2000 7500 1000 

WAVENUMBER 

Ftgure 2 FTIR diffuse reflectance specWum of organic materials 
obtsined from surface water used for inlecH,on Into the sandy aquHer 

suggests that the carboxylate may be the major functional 
group present m these organics 

A method better suited for the study of carboxylate 
content of humic materials IS Fourier transform infrared 
(FTIR) spectroscopy A diffuse reflectance spectrum of 
the organics isolated from the mjection water la presented 
in Figure 2 Agw, the only prominent features present 
are those assigned to the carboxylate stretch (1585 and 
1410 cm-’) wlth a small contrrbution from polysaccharide 
units at 1130-1042 cm-i As wlth pyrolysla GC, results 
obtaned from dlffuse reflectance analysis were s l m h  
for all sue fractions 

Figure 3 presents FTIR spectra of the suefractionated 
injection humics in aqueous solution, obtmed wth 
cylindrical mternal reflectance techmques Exammation 
of the humic materials m thelr natural dlssolved state 
reveals some differences between the sue fradons The 
hydrated carboxylate bands now appear at 1575 and 1395 
cm-’, a decrease of 10 and 15 cm-1 from then location m 
the sohd state spectrum An additional feature whch 
appears at 1620-1630 cm-I and IS not present IXI Figure 2 
is a result of a shlfting of the carboxylate stretch (1575 
cm-I) due to strong association wlth metal cations m the 
aqueous phase (26) 

It has been demonstrated experimentally that the 
number of carboxylate groups in a humic or fulvlc acid 
can bequant i ta t ive lyde ted  from themtegrated band 
strengths of the carboxylate stretch at 1575 cm-i (25-28) 
In addition, the ratio of the band intensity at 1620 cm-I 
to that at 1575 cm-’ wlll gwe a measure of the number of 
carboxylates which are directly coordmated to metals in 
solution Results of this analysis are gwen m Table IV 

Characterization of Breakthrough Water Samples 
were obtained from the a q d e r  after the uutial break- 
through of the injected hurmc materials The DOC 
concentrations in each size fraction from these samples 
are shown in Figure 4 The largest colloidal fraction 
(>1OOOOO MW) was not present m any of the three 
breakthrough samples However, as reported prevlously 
(181, the smaller sue fractions showed no dramatic change 
in size distribution patterns m comparison to the olle;mal 
injection water (less than 100 OOO MW), except for a small 
(34%) decrease in the 100 000-30 OOO Mw size range 
This observation is in agreement wth the structural 
similarities among the organics from each am range Most 
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A 17 Table V 
Curbon, ILadlonuchdee, and Trace Metals in Subsurface 
Water at Depths of 1.2 (Al), 1 8 (M), and 2 7 m (A3) after 
Injection of Humic Matemls 

Total Concentrations of D~ssolved Organic 

AI A2 A3 

DOC, ppm 14 5 12 0 508 
plutonium-239, mBq/L 0 005 0004 0 041 
amencium-241, mBq/L 0 015 0 027 0 015 
thorium-232, mBq/L 0 37 0 47 0 63 
uranium-238, mB4/L 0 75 0 71 152 
mdlu-226, d q / L  104 1 59 048 
mdlu-228, mBq/L 2 2 9  3 18 466 
calcium, ppm 9 6  9 5  12 4 
magnmium, ppm 0 93 0 76 0 93 
strontium, ppb 53 59 61 
alummum, ppm <o 10 <o 10 0 25 
uon, ppm 0 79 8 38 6 02 
eihca, ppm 3 10 3 92 2 25 

Plutonium Americium 

I A  l B  

20 jll --- 
0 ly-100060 looMK)-30MK) 30000-3ooo 

SIZE RANGE 
(molecular weight) 

FIgw4. Mssdvedorganiccarbon@oc)concentratknsInslze 
fr8ctiOns of lfqedbn watar(IHI)cOnpered to SBmpleS obtained from 
theaqufferetdepths of 1 2 m (All, 1 8 m(A2), and 2 7 m (A3)aftw 

of the humica m o m  through the aquder at all levels 
were lesa than 30 OOO MW 

Table N also shows that the larger, less mobde organics 
(100 000-30 OOO MW), although hgh m carboxylate con- 
tent, had a larger percentage of bound carboxylatea pnor 
to m-on and were b&er m humtc aad  content than 
the smaller fract~om. In contrast, the orgamcs obtarned 
in the m t d  brealrthrough earnplea were h@er ~ L I  average 
carboxylate content than the BBme sue fractions before 

n 
W 

18 

1 

0 002 004 006 008 010 0 0 5  10 15 2 0  

CONCENTRATION (rnBq/L) ACTNlPl (@q/rnq C) 

F l g ~ ~ o  5 Actinfde levels twnd In the Injection and breakthrough 
waters (A) Total concentrations of 2902% and 241Am In Injedon 
water ( I N )  and breakthrough samples at three depths (E) 239 2% 

and 241Am concentrations normallzed to the total amount of DOC in 
each sample 

mjedion and were prunardy fulmc acids Therefore, fulmc 
acids contammg the largest concentration of free carboxyhc 
functional groups travel fastest in the aqmfer 

Trace metal and radionuclide concentrations at each 
depth after injection are reported in Table V and shown 
graphically in Figures 5-7 The synthetic actinides, 
plutonium and americium, in the absence of an industrial 
source occur in the enmronment through fallout from 
riaclear weapons testing and are associated wth  organics 
rn the surface water before injection In the breakthrough 
waters, the total concentration of both actinides decreased 
as the DOC is retarded in the subsurface (Figure 5A) 
However, if these concentrations are normahzed to the 
amount of mobile DOC present (<30 000MW) injection 
and breakthrough waters (Figure 5B), an enhancement is 
revealed for americium The smaller, mobile humics have 
therefore become enriched m americium, the only source 
being the larger, less mobde colloids 

Thls is in agreement wth  laboratory studies whch show 
americium interactions mth Sumic materials overwhelm 
those with inorganic colloids and sihca (29) Furthermore, 
this enrichment appears to be a function of residence tune 
in the aquifer The largest enhancement is seen at 1 8 m, 
where the flow rate of mjected water was slowest (178 
cm3/min) In contrast, at 2 7 m, the depth mth the fastest 
flow (636 cm3/min), no enhancement was observed The 
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Thorium Uranium RaBum-226 R4m-228 

I B  

IW - "  - - -  - I 

0 1 2 3 4 0 50 l M ) 1 5 O M 0 2 5 0  

CONCENTRATION (mBq/L) ACTIVITY GBq/nq C) 

Fbw06. Urenkm.thorkm,andra&mlevelsfoundhhjectionand 
keakthroughwakm, (A)Totalconcenbrrtbnsofthorkm(232),urankvn 
(2381, mdlm (226). and radkm (228) h Injection water (INJ) and 
keaMhrough sampbs at three dspths (B) Concentratkns of 
radknud#es normalrsdtothetotalamantot DOC h each sampie 

calcium ton @ SIIICO 

F F 
v - E 12P -- 
- 

0 5 10 1 5 2 0  0 m 1 0 0 6 M ) M M  

CONCENTRATION (ppm) w/me C 

Fluwe 7 Caldwn. Iron. and d#ca kvds found h the hJactbn and 
breakthrough waters (A) Total amcentntbns oi caldun. Iron. and 
dlce In Injedbn watw(1Nl)and bmMhou@ MnpkQat ttuw depths 
(B) Concentratkns of trace metats normalized to the total m n t  of 
DOCinsachsample 

1 2-m layer, wtth an mtermediate flow rate (477 cm3/min) 
show an mtermediate enhancement This observation 
supports prewous studm of dlseoaation lunetica of rare 
earth metals to humics which have suggested that flow 
rate may be an mportant factor in transport (I) In 
contrast, plutonium shorn no such enhancement wth  
carbon concentrations, because of the intractable nature 
of Pu(0H)r when sorbed to the larger colloidal particles 
(30) 

Total concentrations of thonum, urwum, and radium 
in these samples are shown m E'lgure 6A Total radium 
concentrations were elevated over those m the original 
mjection water at all sample depths In addhon, thorium 
and uranium concentrahona were b i e r  at the 2 7-m 
depth When the concentrahom are normallzed to DOC 
values (Figure 6B), a dramatic enhancement over prein- 
jection values 1 apparent at all levels &am, the mobile 
humics (<30000 MW) have become emched m these 
radionuehdes 

Breakthrough pattern have been stu&ed at  this site by 
using chlondes as a conservative tracer These results, 
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Magnesium Strantlum Aluminum 

A B 

IW 

12 
h 

E 
v 

I 

W 
t 
n 18 

o 0 2  0 4  0 6  o n  1 12 1 4  o io 20 30 40 so 60 

CONCENTRATION (ppm) t d m g  C 

Figure 8 Magnesium. strontium, and alumhum levels found h the 
injection and breakthrough waters (A) Total concentralons of 
magnesium. strontium, and aluminum In hjectkm water ( I N )  and 
breakthrough samples at three depths (B) Concentram of trace 
metals normalized to the total amount of DOC in each sample 

reported elsewhere (I8-21), demonstrated httle mixmg of 
injected water mth the background aqwfer waters The 
source of h s  increase m radionuchde concentrations must 
therefore be the aquifer sands (see Table 11) The natural 
organics, predominantly fulvic acids, which are very high 
in carboxylate content, apparently mobilue the radionu- 
clides from the aqmfer matrix In keepmg w t h  thu3 
hypothesis, the enhancement of radionuclide concentra- 
horn normallzed to mobde carbon (Figure 6B) also show 
a correlation to residence time m each layer (1 e , 1 8 m > 
1 2 m > 2 7 m )  

The concentrations of selected trace metals in the 
breakthrough waters are presented in Figures 7 and 8 
Iron, silica, calcium, and magnesium show the same 
patterns as the natural radionuclides and, therefore, are 
bemg mobilized in the same manner However, even 
though it is a major constituent of the sands, alummum 
appears to be resistant to mobilization, possibly because 
of its tendency toward hydrolysis under these conditions 

comluszons 

Injection of natural organic materials mto a shallow, 
sandy aquifer has demonstrated the ability of low mo- 
lecular weight, high carboxylic content fulvic acids to 
mobhze and transport trace metals and radionuclides in 
subsurface envlronments The fallout-derived radionu- 
chdes, plutonium and americium, associated wlth the 
organic surface waters move wlth the small organics d u r w  
forced injection in the subsurface Americium apparently 
moved from the less mobde colloidal materials to the 
smaller, more mobile fulwcs during transport This effect 
mcreases mth decreasing flow rate in the aquifer Plu- 
tonium, on the other hand, did not reequhbrate onto the 
smaller materials, consistent mth its stronger binding 
properties and hydrolysis constants 

The natural radionuclides, thorium, uranium, a d  
radium, are found in both the injection water and rn the 
subsurface aqwfer sands before the forced injection 
expenment. Thelr concentrahons in the subsurface waters 
were enhanced by the injection of small molecular weight 
organics in the aqmfer T h s  effect also mcreased WI& 
decreasmg flow rate The elevated concentrations of the 



natural radionuclides lndicate that the natural organics 
ate capable of mmeral diseolubon and leachmg of these 
radionuclides on reasonably short tune d e s  and under 
mbient conditions 

The results obttllned m this study are relevant to the 
possible transport of radionuchdes from nuclear waste 
repositories by natural h m c  and fulwc acids In surface 
or subsurface conhtions of sufficiently low temperatures, 
where natural orgmcs of low molecular weight and hqh 
carboxylate content can be present, such species could 
mcrease dmolution from conta~nment matnces and en- 
hance the mobility of radionuchdea Indeed, p r e h a r y  
Btudies m thls laboratory have m&cflted that fulvic and 
humic acids can etch bomhcate glass and can leach 
uranium from doped glass matrtcea (31) It mll be 
important to perform further evaluations on the abhties 
of natural humic and fulwc acids to mteract wlth low- 
level radioactive waste under planned storage and con- 
bnment stra-es In addihon, it should be noted that 
these natural chelating agents or synthetx analogs might 
prove useful in the mobiluabon of ra&onuclides under 
conditions where that would be advantageous in site 
cleanups 
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